Venusian plains regions are globally crossed by closely spaced small-strain deformation features such as polygonal and gridded terrains, and wrinkle ridges.
available from climatic change. We first discuss the morphology of and previously proposed formation hypotheses for four categories of deformational features: 1) polygonal terrain, 2) plains lineations and gridded terrain, 3) wrinkle ridges, and 4) tessera. We then review atmospheric models for Venus, and generate simple tectonic models of the effects of atmospheric temperature change based on the climate predictions of Bullock and Grinspoon [1999] . Finally, we compare the model results to the observed features, and assess the feasibility of the atmospheric change model for the formation of these terrains.
Observed Features and Hypothesized Mechanisms

Polygonal Terrain
Using Magellan synthetic aperture radar (SAR) images, Johnson and Sandwell [1992] identified 15 globally distributed plains regions with intersecting bright lineations that form polygonal patterns similar to terrestrial fracture networks ( Table 1) Our observations of the Magellan radar images have identified 25 new polygonal terrains (Fig. 2b, c; also Table 2 ) and indicate that these terrains may be far more pervasive than previously believed. In an informal survey of F-MIDRs at a latitude of 65"N, -50% of the images were found to have local regions of small-scale (1-3 km) polygonal morphology. As with previous observations [Johnson and Sandwell, 19921, larger polygons appear to be associated with external stresses or topographic slopes. These lineations commonly appear on volcanic plains, are sometimes faint in radar brightness, and distinctly cross flow boundaries.
While cross-flow crack structures are observed for Hawaiian lava flows, the scale of organized polygonal crackmg on Venus far exceeds the size of any individual flow. This observation suggests that emplacement and cooling of really massive polygonal terrains occurred near -simultaneously, or that polygonal terrains are not genetically associated with individual flows.
As previously observed by Johnson and Sandwell [1992] , some of the new polygonal structures are associated with fields of small volcanic shields.
f
The multi-directional extension observed in polygonal terrain requires a formation mechanism that generates an isotropic tensile stress field. Two formation hypotheses explain the apparently isotropic stress field by considering the effects of thermal contraction and joint mechanism, using a dominant deformation wavelength such that failure occurs with a width to depth ratio of 4:1, and find that the observed polygons are most consistent with a change in thermal gradient of 3 " C h .
Neither of these two formation hypotheses can explain why the spacing of deformation features is so uniform for terrains distributed around the planet.
Plains Lineations and Gridded Terrain
Magellan SAR images also demonstrate globally distributed plains regions with multiple Fractures with orthogonal lineations appear to be associated with regional stresses related to tessera or coronae [Banerdt and Sammis, 19921, however, parallel fracture sets appear to be independent of regional structure [Banerdt et al., 19971; neither appear to vary with topographic gradient. Banerdt et al. [1997] suggest that some fracture sets predate later surface deformation such as wrinkle ridges, consistent with a period of initial extension followed by a phase of compression.
Gridded terrains are thought to have formed due to extension from regional stresses [Solomon et al., 19911. Three mechanisms of fracture have been suggested to account for the short spacing wavelength. The first is based on deformation of a cooling lava flow using a necking mechanism, the second and third are based on joint spacing fracture mechanisms of stress shadowing and shear lag.
Solomon et al.
[1991] suggest that the lineations represent normal faults and possibly graben. They explain the spacing as being formed by extensional necking phenomena with a -6:l width to depth ratio, requiring an elastic surface layer of -200m thickness. Solomon et al.
[1991] note that this is unlikely to represent the regional elastic thickness, and instead interpret it as the thickness of a cooling layer in a lava flow. Banerdt and Sammis [1992] point out that such a mechanism is highly localized and thus not likely to explain the global distribution of such features, or the lack of correspondence between flow boundaries and the extent of the lineations.
In addition, necking models are commonly used to predict horst and graben morphology, which is not observed in the Magellan images. 
Banerdt and Sammis
Tessera
Regions of intense deformation observed in the Magellan images are known as tessera We investigate the implications of the Bullock and Grinspoon [1999] model for two reasons: 1) this model is the only model to produce atmospheric temperature changes large enough to drive tectonics, 2) this model better approximates the physical processes of the atmosphere, and uses a better understood surface-atmospheric buffer reaction. Next we discuss small strain deformation features that may be a direct result of climate driven temperature change.
Method
We generate a simplified step-function temperature profile (gray line in Fig. la,b ) to approximate atmospheric temperature over time. Though this is a more rapid change in temperature than the coarse time-step of 50 m.y. in the model of Bullock and Grinspoon [1999] , the more critical time-scale for predicting depth of failure is the period during which temperature can propagate into the subsurface and cause thermal strain, -300 m.y. (Fig. la,b) . We model the time following the last period of heating to current temperatures as a step cooling (Fig. lb, dashed line); though cooling may occur over longer times, Bullock and Grinspoon [1999] suggest that equilibration occurs over tens to hundreds of m. where z is depth, t is time, K is thermal diffusivity, To is the initial surface temperature, dT/dz is the thermal gradient, and AT is the step change in temperature from the initial value of To (all parameters are summarized in 
&(Z,t) = a . r n ( z , t )
Temperature (eqn. l), stress (eqn. 2), strain (eqn. 3), and strain rate profiles as a function of depth are calculated (Fig. 5 , solid lines) for various thermal decay times (color represents time) following the first cooling step (Fig. 5a ), the reheating step (Fig. 5b) , and the second cooling step (Fig. 5c) . The maximum strain, located at the surface for reheating, is 0.2% (0.1%
for cooling) and decreases with depth until stress is negligible under ductile flow. Strain rate is 
19981,
Power law viscous flow is calculated assuming dry Maryland diabase [Muckwell et al.,
using the Tresca criteria:
where 6 is the strain rate &(z,t) = a.G;T(z,t)/t, A is the pre-exponential constant, E, is the activation energy, T is temperature, and R is the universal gas constant. Note that in these models we calculate E as a function of time and stress rather than assuming a fixed value.
The Griffith yield criteria under extension is defined by the minimum of three failure 
Results
Extensional yielding occurs when stresses (solid lines) exceed the positive yield strength envelope (Fig. 5a,c) , and compressional failure occurs when stresses are less than the negative yield envelope (Fig. 5b) . At low thermal decay times, the yield strength envelope is small due to the limited penetration depth of the temperature anomaly, and resultant low strain at depth.
Initially, as thermal decay time increases the depth of penetration of thermal strain also increases, causing the size of the yield strength envelope strain to grow. Eventually, the yield strength envelope is decreased due to the long thermal decay times (which result in decreasing strain rate) and heating of the lithosphere [Turcotte and Schubert, 19821. Additionally, as the starting temperature increases during reheating (Fig. 5b) , the viscous yield strength is reduced. It is clear that the depth of brittle failure increases with time until the thermal stresses exceed the yield strength envelope for all depths, or until temperatures are high enough to reduce the BDT depth below the brittle depth of failure.
The depth of failure is summarized in Figure 6a and b for dT/dz = 10 and 20 K km".
There is little difference in the predicted brittle failure depths between the two gradients, though the ductile failure depths are approximately twice as great for the 10 K km" case. Thus, either gradient is consistent with the spacing of the observed features. In general, the depth of failure increases with time as the thermal wave propagates downward, causing increasing strain. If the change in surface temperature is large, the gradient sufficiently high, and time sufficiently long, the BDT becomes shallow enough to reduce the depth of brittle failure (Figure 6a, b) . Failure at depth in the viscous portion of the yield envelope is discontinuous because the lithosphere is often entirely in failure (e.g., when the decreasing strain rate and increasing temperature at large times causes the yield strength envelope to be small), or in failure at no position in the upper 20 km used for the model. For example, during the second cooling phase for AT=lOO K, dT/dz=20 K km", the viscous portion of the lithosphere does not go into failure at depths less than 20 km until -1 m.y., and goes into failure at all depths at times > 10 m.y. formed by this mechanism, as they appear to be influenced by local stress fields (as described above). The non-isotropic nature of strain in gridded terrains clearly indicates formation under regional stress fields, however, the uniform spacing of many of these globally distributed deformation fields suggests that they formed during a time of global cooling, instead of in global layers of coincidentally uniform thickness or strain accumulation.
Eflects of Znitial
Failure at the bottom of the lithosphere by viscous flow, for initial thermal gradients of 10 K km-' exceeded depths of 15 km for all times up to 500 m.y.; for gradients of 20 K km" failure exceeded 10 km depths (Fig. 6a,b) . These viscous failure depths are too large to be consistent with the small spacing of cracks associated with polygonal and gridded terrains, for either shear lag, stress shadowing, or layer instability models.
Efects of Reheating.
Given the very low strains of (maximum of 0.2%) at these depths, we believe there is little observable surface deformation under compression. Near surface brittle failure is constrained to much lower depths than for cooling, due to the greater strength of the lithosphere under compression. Thus, low strain thrust faulting only propagates to depths of 2.5 km for a AT of 100 K, 1.5 km for 50 K, and 750 m for 25 K (Fig. 6a and 6b ). Zuber, 19951; this mechanism is consistent with the spacing of wrinkle ridges and the elastic thickness of the upper lithosphere on Venus. However, due to the order of magnitude lower strain predicted from climate change than observed the majority of wrinkle ridges may not form in this manner Second cooling. The second cooling event is very similar to the first, with the exception that for dT/dz=20 K km" the temperature increases and strain rate decreases enough to reduce the BDT below the brittle failure depth (Fig. 6a,b) for long thermal decay times (loo+ m.y.). While it is difficult to identify which polygonal/lineated terrains may be associated with a second cooling event, it is likely that extension would recur along weaknesses introduced during the first cooling, or at a spacing controlled by temperature change, but in association with local stress fields. To distinguish deformation due to a secondary cooling event from that due to an earlier event would require that the secondary cooling region be resurfaced by flows or other geologic event post-dating the first cooling phase, and that fortuitous stratigraphic relationships preserve each deformation event such that it was visible in the Magellan SAR data.
Viscous failure occurs at depth ranges from 9-20+ km, decreasing in depth for times For resurfacing to a depth of 10 km (AT=lOO K) and dT/dz=lO K M', the maximum additional compressive stress is -160 MPa (Fig. 7) . For cooling with thermal decay times >5 m.y., the overburden stress reduces the depth of failure from 5 km to 3 km, a reduction of -40%;
for 1 km (AT=50 K)of resurfacing the failure depth is reduced by -25% from 2 km to -1.5 km.
This suggests that both 1 and 10 km resurfacing models are compatible with the observed small strain surface deformation under overburden loading. The reheating phase is not significantly changed because the overburden stresses only becomes large at depths under which the strength envelope is elastic due to the greater strength of rocks under compression. In summary, the fixed plate model used here differs from the free plate model in two ways: 1) fixed plate conditions result in extension for cooling and compression for heating, 2) strain, time, and strain rate are controlled by propagation of the thermal wave. The results of the fixed plate model require larger temperature variations to produce the predicted range of failure depths for small strain terrains because the model does not cause surface curvature and the associated additional tensile stresses. In general, cooling of a free plate model results in larger strains near the surface than the fixed plate model due to bending of the entire plate.
Efect of Fixed versus
Results Summary:
1) Climate induced temperature variations can produce low strain deformation, both extensional (<O. 1%) and compressional (~0.2%). In the cooling phase, extensional deformation is likely to occur through cracking with a spacing of 2-3 km for the most favorable AT of 50 K, under a stress shadowing or shear lag mechanism with a width to depth ratio of approximately 1: 1. The globally distributed polygonal terrains and, under local stresses, gridded terrains, are consistent with this mechanism. The predicted strain is sufficient to produce joints, but may not lead to observable graben.
2) For the reheating phase, compressional failure occurs both near the surface and at depths of 10+ km. If the small strains (<.2%) are adequate to cause observable deformation, it is likely to occur by a layer instability mechanism with a deformation wavelength of 20-80+ km, while near surface brittle failure will result in small thrust faults concentrated in the individual wrinkle ridges.
3) Both the uniform spacing and global distribution of polygonal, gridded, and wrinkle ridge terrains are consistent with deformation due to climate change. Prior models of their formation had difficulty explaining the uniformity of deformation spacing. The observed spacing of the low strain features is most consistent with a resurfacing event which produces on the order of 1 km of global lava thickness, and cooling periods of tens to hundreds of millions of years. In some regions (Fig. 3, Table 2 ), the observation of extensional polygonal/lineated terrains followed by compressional wrinkle ridges is consistent with the initial cooling and reheating of the climate model. The lack of these features in all regions may be due to the effects of local stresses, or later local volcano-tectonic events. The length of time it takes for the climate model to equilibrate (1 b.y.) suggests that only two or three such events could take place since the formation of the terrestrial planets.
Conclusion:
Our results suggest that climate change, like that described in the model of Bullock and The evolution of the climate and atmospheric temperature with time suggests a progression of forms of surface deformation. A major pulse of volcanic resurfacing leads to cooling and the global formation of polygonal, gridded, and lineated terrains at wavelengths of -2 k m . As the atmosphere and lithosphere undergo reheating very low strain wrinkle ridges may form, consistent with the observation that some ridges appear to follow pre-existing polygonal fabrics in some locations (Fig. 3) .
Although some low strain deformation is clearly associated with local features such as coronae, the remaining population of gridded, polygonal, and lineated terrains, as well as some very low strain wrinkle ridges, may represent a nearly global stratigraphic marker. Further mapping studies are needed to test the validity of these terrains as a stratigraphic marker, and that only one such marker from climatic cycling is present.
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